Abstract Network construction and reorganization is modulated by the level and pattern of synaptic activity generated in the nervous system. During the past decades, neurotrophins, and in particular brain-derived neurotrophic factor (BDNF), have emerged as attractive candidates for linking synaptic activity and brain plasticity. Thus, neurotrophin expression and secretion are under the control of activity-dependent mechanisms and, besides their classical role in supporting neuronal survival neurotrophins, modulate nearly all key steps of network construction from neuronal migration to experience-dependent refinement of local connections. In this paper, we provide an overview of recent findings showing that BDNF can serve as a targetderived messenger for activity-dependent synaptic plasticity and development at the single cell level.
Introduction
The discovery of the neurotrophins was prompted by the observation that many neurons depend on limited amounts of survival factors secreted by the target neurons. These target-derived messengers also provided a mean to refine initially coarse patterns of synaptic connections, thus contributing to the construction of neuronal networks. Subsequent studies have shown that the neurotrophins also modulate axonal and dendritic growth and remodeling, membrane receptor trafficking, neurotransmitter release, synapse formation, and function.
Key assumptions of the target-derived messengers' model are that the neurotrophins are released from the postsynaptic targets in an activity dependent manner and act in an autocrine/paracrine manner to induce morphological or functional changes of pre-and postsynaptic elements. Four neurotrophins have been characterized in mammals: the nerve growth factor (NGF), the brain-derived neurotrophic factor (BDNF), the neurotrophin-3 (NT3), and the neurotrophic-4 (NT4). In this paper, we provide an overview of recent findings showing that BDNF fulfills these criteria in the mammalian central nervous system and can be qualified as a target-derived messenger for activitydependent synaptic plasticity and development at the single-cell level. For further information on the biological effects of neurotrophin and underlying molecular mechanisms, interested readers are refereed to excellent reviews on these topics [1] [2] [3] [4] .
BDNF, e.g., in response to ATP-dependent stimulation of P(2X) receptors [13] [14] [15] .
The BDNF gene in rodents is composed of nine exons: exon I to VIII posses their own promoter and are associated by splicing mechanism to the exon IX, which is the only one to be translated into a protein. The combination of these different splicing forms with two alternative polyadenylation sites in the 3′ untranslated region can give rise to multiple different pre-mRNA that are expressed in a developmentally regulated and tissue-specific manner [10] . The level of BDNF mRNA transcription is positively regulated by neuronal activity [16] [17] [18] [19] . It has been proposed that the increase in BDNF expression induced by physiological activity can act as trophic positive feedback signal supporting the increased synaptic activity [1] . The increase in transcripts observed during pathological conditions [20] may either be an aberrant mechanism contributing to the pathology, e.g., epilepsy [21] , or could act as a protective mechanism linked to the trophic action of BDNF [1, 22, 23] . The pre sequence of the pre-mRNA directs the translation of the BDNF gene directly into the endoplasmic reticulum (for a review, see [1] ). This process occurs mainly at the level of the cell body, although under particular circumstances, the BDNF synthesis can also take place in the dendrite after translocation of the pre-mRNA [19] . The translation gives rise to a dimeric pro-BDNF protein of about 29 kDa that is cleaved to give rise to mature BDNF [24] . The pro domain is involved in the sorting of BDNF into the appropriate pathway of secretion [25] . Two different pathways of BDNF secretion do exist in neurons ( Fig. 2A ) the regulated and the constitutive pathway. In the regulated pathway of secretion, BDNF is packaged in large diameter vesicles/granules (Ø~300 nm) that fuse with the plasma membrane following an intracellular Ca 2+ rise. In the constitutive pathway, BDNF is packaged in smaller granules (Ø 50-100 nm) and continuously released through a Ca 2+ -independent fusion process that occurs in the absence of any specific triggering event [1, 26] . The two pathways also differ in the neuronal site of BDNF release. Thus, constitutive secretion occurs mainly at the soma and proximal processes, while the regulated secretion is triggered in more distal neuronal processes [27] . The sorting of BDNF into either of the two pathways requires the processing of pro-BDNF in the Golgi and trans-Golgi network. Two separate amino acid motifs, localized, respectively, in the mature and the pro domain of the protein, are involved in this process. The interaction of the motif in the mature domain with the sorting receptor carboxipeptidase E (CPE) directly targets BDNF toward the regulated secretory pathway; on the other hand, the absence of this CPE interaction seems to determine the sorting of BDNF into the constitutive pathway [2] . The interaction of the pro domain motif with the protein sortilin is also required to target BDNF toward the regulated pathway of secretion [28, 29] . The importance of the BDNF pro domain for targeting to the regulated pathway is also evident from the efficient redirection of NT-4 to secretory granules if the BDNF pro domain is attached to NT-4 [27] . Although in the case of the pro-domain-dependent targeting the underlying mechanisms are not well understood, it has been suggested that binding of the pro motif to sortilin modifies the folding of pro-BDNF, thus allowing the interaction between CPE and the mature domain [2] . An important aspect of the pro domain-sortilin interaction is the fact that a single amino acid mutation in the pro-motif (a substitution of valine in position 66 to methionine), resulting from a rather prevalent naturally occurring single nucleotide polymorphism, is sufficient to prevent the interaction of pro-BDNF with sortilin, thus impairing efficient sorting of BDNF into the regulated pathway of secretion and causing functional and cognitive deficits [28] . The unfavorable consequences of the val66met polymorphism highlight therefore the importance of a correct BDNF secretion for brain functions [30, 31] . The secretory granules budding off from the trans-Golgi network are transported into neuronal processes, either axons [32] or dendrites [33] ; at this point, they can contain the pro and/or the mature BDNF. Indeed the cleavage of the pro domain can be performed by the so-called pro-protein convertases present in the granules (for further detail, see [1] ). In that case, the mature form of BDNF will be released. However, recent studies seem to suggest that pro-BDNF can be secreted as such and can be cleaved extracellularly by specific extracellular proteases ( [2, 34, 35] , but see [36] ). Furthermore, the secreted pro-BDNF can directly interact with p75 NTR receptors and induce biological effects that are discussed to be opposed to those of the mature form [2] . Although both pathways of secretion can potentially release the mature and the pro-BDNF, the pro-BDNF is more abundant in the constitutive pathway [37] . This is likely due to the fact that the delay between synthesis and release is shorter in the constitutive pathway, thus reducing the probability for the pro-BDNF to be cleaved by the intracellular convertases [2] .
In summary, the regulation of BDNF synthesis and sorting can give rise to differences in the amount, type, and localization of secreted BDNF and determine the mechanisms of release.
Mechanisms of Regulated Dendritic BDNF Secretion
The mechanisms of neurotrophin release have been intensively studied over the past decade, employing mainly two experimental approaches (Fig. 1) . The first approach relies on measuring the secreted protein using an immuno-chemical essay [enzyme-linked immunosorbent assay (ELISA) or Western blot) of the extracellular medium (bulk secretion; for references, see Table 1 ). This approach allows detecting and quantifying secretion of endogenous BDNF. However, while the bulk secretion approach is sensitive enough to detect the release of endogenous BDNF in brain slices, overexpression of BDNF is required to monitor BDNF secretion in neuronal cultures, which contain smaller numbers of neurons. Moreover, the bulk secretion approach lacks spatial information, i.e., the site of secretion, and temporal resolution. To bypass these limitations, a second approach consisting in the direct visualization of BDNF tagged with a green fluorescent protein (GFP) has been developed for neuronal cultures (for references, see Table 1 ). Secretion of BDNF-GFP can be directly visualized in living neurons as a decrease in intracellular fluorescence intensity. This method provides excellent spatial and temporal resolution to study the secretion of BDNF-GFP by time lapse fluorescent imaging. This approach, however, provides no information on endogenous BDNF secretion, although it has been shown that BDNF-GFP is processed and sorted in a similar way as the endogenous BDNF [33, 38, 39] . Quite recently, Nakajima et al. [40] developed a cell-based fluorescent indicator assay to visualize endogenous BDNF secretion from cultured neurons. This technique allows the detection of picomolar concentrations of BDNF with a good temporal resolution and could provide a powerful tool to study secretion of endogenous BDNF in living neurons with high resolution [40] .
In spite of some differences regarding the mechanisms of BDNF secretion depending on the site investigated (i.e., axon or dendrites), the detecting method, and the stimulus used, the results obtained with these distinct assays agreed on the fact that regulated BDNF release requires an increase in intracellular Ca 2+ concentration. Mechanistic studies of dendritic BDNF release were performed in cultured hippocampal neurons expressing GFP-tagged BDNF in response to KCl-induced depolarization [27, 33, 39, 41] . Under these circumstances, the dendritic release of BDNF requires a postsynaptic influx of Ca 2+ (Fig. 2) . The Ca 2+ rise in turn activates the calcium calmodulin kinase II (CaMKII), leading to the fusion of BDNF containing secretory granules with the plasma membrane. Once the fusion pore is formed, BDNF is slowly released into the extracellular space (time constant≈200-300 s) [27, 33] . The slow release kinetics are partially attributable to a slow diffusion of BDNF through the pore and partially to the fact that the same secretory granule can undergo repetitive opening and closing of fusion pores (so-called kiss-and-run mechanism of release; see [42] ). Moreover, delayed and asynchronous fusion events of different granules can further delay the rise of the extracellular BDNF concentration [41] . Interestingly, protein kinase A (PKA) has been described to regulate dendritic secretion of BDNF as well [41] . While activation of PKA does not trigger BDNF secretion per se, the K-induced secretion of BDNF is inhibited when the postsynaptic PKA activity is reduced, suggesting a "gating" action of PKA for the release process. This observation suggests that PKA might play a relevant role in priming dendritic BDNF-containing secretory granules, thus regulating the number of BDNF vesicles available for exocytosis. Calcium-dependent dendritic BDNF secretion has also been shown to occur in BDNF-GFP transfected cultured neurons by either tetanic stimulation of presynaptic afferents [33] or by postsynaptic action potentials that back propagate into the dendrites (b-APs) [43] . Since neurons have multiple mechanisms for generating a dendritic Ca 2+ rise, investigation on the Ca 2+ sources responsible for the release has been an important issue and has highlighted differences in the mechanisms of dendritic BDNF secretion depending on the triggering stimulus (Fig. 2) . Thus, while L-type VDCC are required for both long-lasting depolarization-induced and back-propagating action potentials (b-APs)-induced BDNF release, an additional Ca 2+ release from intracellular stores is needed for long-lasting depolarization-induced BDNF release [41, 43] . As expected for postsynaptic BDNF release in response to tetanic synaptic stimulation, Ca 2+ influx through NMDA-receptor-gated channels can substitute for L-type VGCC in triggering the postsynaptic Ca 2+ influx required to initiate release [41] .
Autocrine and Paracrine Action of Postsynaptically Released BDNF
Most of the studies investigating the role of BDNF in network development have examined the effects of exogenously applied BDNF or the consequences of chronic alteration of the BDNF signaling pathway. However, such spatially diffuse applications do not permit to separate the effects of pre-versus postsynaptic BDNF secretion during synaptic activity. Single-cell transfection within organotypic slice or cell cultures allows creating a defined cellular source of BDNF, thus reproducing more closely the pattern of activity-dependent release of BDNF in the brain. Still, the physiological and morphological consequences of released overexpressed BDNF-GFP could be different from that of endogenous BDNF. In spite of this limitation, these functional changes were used to demonstrate an autocrine or paracrine action of BDNF. Particle-mediated gene transfer was used to overexpress BDNF together with green fluorescent protein in individual neurons within organotypic slice cultures. In both ferret visual cortex [44] and rat hippocampal slices cultures [45, 46] , BDNF overexpressing neurons exhibited more com- Fig. 2 Synthesis, storage, and release of BDNF. a The pre-pro-BDNF is synthesized and sequestered in the endoplasmic reticulum (ER). Pro-BDNF then transits the Golgi apparatus and accumulates in membrane stacks of the trans-Golgi network. The trans-Golgi network can be thought of as a major protein sorting station inside the cell. At this point, two types of secretory pathways exist. Secretion via the constitutive pathway does not rely on extracellular signals or any triggering events. In the regulated pathway, fusion of the secretory granules with the plasma membrane is triggered by an intracellular rise in Ca 2+ . The binding of the pro form with sortiline and the mature form with carboxipeptidase E is required to address the pro-BDNF in the regulated pathway (modified from Fig. 2 activates CaMKII leading to the fusion of the secretory granules. Basal levels of PKA activation "gate" BDNF secretion plex dendrites when compared to control neurons. BDNF overexpression also led to the destabilization of dendritic spines. These effects were prevented by TrkB-IgG (i.e., extracellular scavengers of released BDNF), showing that they were mediated by secreted BDNF. Since these effects were not observed in control only GFP-expressing neurons, it is concluded that postsynaptically released BDNF can act in an autocrine manner to modulate neuronal architecture and synaptic function. A similar approach was used to show that BDNF can also act in a paracrine manner to affect nearby neurons. Horch and Katz [47] have produced BDNF overexpressing "donor" neurons and investigated their effect on neighboring "recipient" neurons in ferret cortex brain organotypic slices. The authors showed that BDNF released from dendrites and soma of donor BDNFexpressing cells acted directly on nearby recipient neurons and increased dendritic branching in a distance-dependent manner. This study further showed that the BDNF source had to be within 5 μm to induce dendritic modification. Thus, BDNF released from postsynaptic sites can affect neuronal dendritic structures in an autocrine/paracrine and extremely local manner.
To establish that indeed a postsynaptic source of BDNF can lead to morphological and functional modification, BDNF-GFP was expressed in a small number of neurons within hippocampal neuronal cultures obtained from bdnf −/− mice [48] . BDNF-expressing neurons, which showed a BDNF-GFP distribution characteristics of constitutively releasing neurons (compare [27] and [48] ), revealed an altered dendritic morphology when compared to bdnf −/− neurons, with shorter but more numerous dendritic branches. This study further showed that the density of glutamatergic and GABAergic synapses was altered by the postsynaptic expression of BDNF. The number of glutamatergic and GABAergic terminals impinging on BDNF expressing neurons was, respectively, increased and reduced when compared to bdnf −/− neurons in the same culture. Accordingly, the frequency of miniature glutamatergic synaptic currents was increased while miniature GABAergic activity was reduced. These data therefore show that BDNF released from one single target neuron can act as a regulator of synaptic and dendritic development. Similar to the findings of Singh et al. [48] for glutamatergic synaptic development, knockout of BDNF selectively in postsynaptic neurons of neocortical cultures leads to the inability of the innervating presynaptic cells to show activity-dependent induction of new functional terminals [49] . Together, these data further highlight the importance of postsynaptically released BDNF for intact presynaptic development of glutamatergic synapses. Whether BDNF released from postsynaptic neurons acts locally or globally has also been addressed in a loss function study. A single-cell gene knockout method was used to create a small number of BDNF-lacking neurons in organotypic slice cultures of visual cortex [50] . To estimate the number of GABAergic terminals on two postsynaptic neurons innervated by the same presynaptic interneurons, biocytin was injected into one single GABAergic cell. The number of biocytin-labeled and GAD65-positive boutons established on BDNF-KO neurons was reduced compared to neighboring control neurons. Moreover, the frequency of miniature GABAergic synaptic currents recorded in BDNF-KO neurons was also reduced. This single-cell loss of function study demonstrated that BDNF released from one target neuron can promote the formation of GABAergic synapses by acting locally on perisomatic GABAergic terminals. This observation is consistent with previous findings that single-cell BDNF overexpression in rat hippocampal cultures leads to an increase in presynaptic GAD65 expression and increased spontaneous GABAergic synaptic activity, an effect abrogated by an inhibitor of TrkB receptors and mimicked by bath-applied BDNF [51] . Both studies [50, 51] are, however, in conflict with the aforementioned negative effect of overexpressed BDNF in a BDNF −/− background [48] . These contradicting results could mean that the background of overall BDNF expression in the network (high level in the studies of Kohara et al. [50] , and Ohba et al. [51] ; low level in the study of Singh et al. [48] ) might decide whether BDNF reduction or elevation promotes development of GABAergic terminals. Whether constitutive or regulated release of BDNF is involved in the aforementioned effects on GABAergic synapses was addressed recently using hippocampal neurons transfected with either (Val-BDNF) or (Met-BDNF): the valine to methionine substitution in the pro-domain of BDNF impaired regulated but not constitutive secretion. However, hippocampal neurons expressing Met-BDNF or Val-BDNF showed a similar increase in presynaptic GAD65 levels [52] . This result might suggest that activity-independent constitutive release of BDNF is sufficient to regulate inhibitory synapses formation, which would be consistent also with the aforementioned results by Singh et al. [48] that are due most likely to constitutive secretion of overexpressed BDNF GFP. However, Met-BDNF secretion via secretory granules is just reduced and not blocked. It is therefore possible that a sufficient amount of Met-BDNF was released in an activity-dependent manner to regulate presynaptic GABAergic terminals. Moreover, overexpression could have led to non-physiological amount of constitutively released Met-BDNF that overcomes the impaired regulated release. In agreement with this hypothesis, other studies have shown that the blockage of neuronal activity and, consequently, of regulated secretion produces developmental alterations that are reversed by application of exogenous BDNF [53] [54] [55] [56] , thus supporting the idea that constitutive secretion of endogenous BDNF is not sufficient to sustain a correct synaptic maturation.
Further studies are clearly needed to unambiguously scrutinize the role of constitutive versus regulated release of BDNF to modulate synaptic transmission.
Activity-Dependent Release of BDNF
The first study directly addressing synaptic dendritic release of BDNF investigated the effect of tetanic stimulation, a conditioning protocol frequently used in vitro and in vivo to trigger long-term changes in synaptic efficacy [33] . Using time lapse video microscopy in living BDNF-GFP-expressing hippocampal neurons in culture, Hartmann and collaborators showed that high-frequency stimulation of glutamatergic synapses induced the release of BDNF-GFP from secretory granules that co-localized with the stimulated presynaptic terminals (FM4-64 destaining). The tetanus-induced synaptic secretion of BDNF-GFP was prevented by ionotropic glutamatergic receptor antagonists, indicating that postsynaptic secretion of BDNF-GFP is triggered by synaptically released glutamate and not by direct stimulation of the postsynaptic neurons. The postsynaptic release of BDNF occurred within a delay of tens of seconds after the start of the tetanic stimulation with an average time constant of fluorescence decrease of 200-300 s. The question whether ongoing synaptic activity can trigger dendritic BDNF-GFP release, and-if so-what would be the minimal patterns of electrical activity that are required for such release, was addressed in a recent study combining electrophysiological recording and time lapse fluorescence imaging in BDNF-GFP-expressing hippocampal neurons in culture [43] . The results provided unequivocal evidence that bAPs are necessary and sufficient to trigger a Ca 2+ -dependent dendritic secretion of BDNF-GFP during spontaneous synaptic activity (Fig. 3) . Thus, when the potential of the recorded neuron was clamped at a hyperpolarized value to prevent action potential firing, in spite of the presence of excitatory postsynaptic potentials, dendritic release of BDNF-GFP was absent. However, when the neuron was allowed to fire action potentials as a result of ongoing spontaneous synaptic activity, secretion of dendritic BDNF-GFP was observed. This release was prevented in cells loaded with QX314, an intracellular blocker of voltage-dependent sodium channels which prevents postsynaptic action potentials, but not actionpotential-triggered synaptic network activity in all other cells of the culture. These results show that postsynaptic action potentials are required to trigger synaptic dendritic release of BDNF during ongoing synaptic activity in this type of hippocampal cultures. Finally, b-APs triggered by somatic depolarization through the recording electrodeinduced dendritic BDNF-GFP secretion in the presence of glutamatergic ionotropic receptor antagonists. BDNF-GFP secretion was also produced by steady-state depolarization of the neurons to −40 mV in the absence of APs. This suggests that it is the role of b-APs to produce sufficient dendritic depolarization to enable activation of VDCC, thus leading to BDNF release.
An elegant approach to study activity-dependent release of endogenous BDNF at the single-cell level is to record functional changes in synaptic activity of postsynaptic neurons as an indicator of BDNF release [57] . Using this approach, these authors provided strong evidence that BDNF release can occur from individual postsynaptic hippocampal neurons in culture. Thus, when cells were depolarized to a holding potential of −40 mV by steady-state current injection through the recording electrode, the recorded neurons showed a gradual increase in miniature glutamatergic synaptic activity. This effect was prevented by scavenging extracellular BDNF, mimicked by bath-applied BDNF, abolished when chelating intracellular Ca 2+ in the postsynaptic neuron, or when a mutation was introduced in the BDNF pro-domain to prevent its regulated release.
A functional approach to show release of endogenous BDNF was also used by Tanaka et al. [58] to investigate the release of endogenous BDNF at the single-cell level: they investigated the mechanisms subtending spine plasticity produced by a pairing protocol, i.e., postsynaptic firing concomitant with glutamatergic receptors activation. In hippocampal slices, such protocol induced an enlargement of dendritic spines that required endogenous BDNF. Moreover, since neither BDNF nor postsynaptic activation of glutamatergic receptors alone were sufficient to induce morphological changes, it was proposed that postsynaptically released BDNF and presynaptically released glutamate act in synergy to induce protein synthesis and, thus, spine enlargement. The authors also showed that spine plasticity can occur in the absence of postsynaptic APs if exogenous BDNF was supplied concomitantly with synaptic stimulation, suggesting that the function of b-APs in this form of plasticity is to provide sufficient levels of extracellular BDNF (i.e., release of BDNF from postsynaptic neurons). Whatever the precise mechanism underlying such functional or structural changes, these studies demonstrated a postsynaptic release of endogenous BDNF at the single-cell level induced by physiological synaptic signals [58] .
Back-Propagating Action Potentials: A Key Regulator of Dendritic BDNF Release and Activity-Dependent Plasticity
In the previous sections, we reviewed several lines of evidence showing that postsynaptic secretion of BDNF participates in activity-dependent development and plastic-ity of neuronal circuits. Given the crucial role of b-APs in triggering dendritic BDNF release [43, 58] , all conditions that affect b-APs generation should have an impact on network plasticity and development.
Dendrites express different types of voltage-gated ion channels that will boost or in contrast attenuate b-AP amplitude and associated Ca 2+ rise. Thus, in cortical and hippocampal pyramidal cells, back-propagation of APs is at least in part an active process maintained by the concerted action of voltage-gated Na + and K + channels, determining the spread of b-APs [59] [60] [61] . Therefore, modification of the properties of these channels can affect the degree to which APs back-propagate into the dendrites and thus is likely to regulate the dendritic release of BDNF (Fig. 4) . It seems worth noting that certain neuromodulators, such as acetylcholine, noradrenaline, and dopamine, through the modification of potassium conductances, can regulate the amplitude of back-propagating APs [62, 63] . Furthermore, backpropagation of APs is also sensitive to the local dendritic membrane potential [61, 64] . Thus, small amplitude b-APs in the dendrites can be boosted by appropriate and precisely timed membrane depolarization via A-type K + channel inactivation and/or Na + channel activation [65, 66] . Conversely, b-APs amplitude can be decreased after membrane hyperpolarization [67] or by dendritic GABAergic activity through a shunting effect [68] . Therefore, a dynamic control of dendritic back-propagation exerted by neuromodulators and local dendritic synaptic activity could act as contextdependent regulator of BDNF secretion. In this regard, it is tempting to speculate that the effects produced by selected neuromodulators on brain development, plasticity, and pathology [69, [70] [71] [72] could be, at least in part, mediated by b-APs-induced BDNF secretion (Fig. 4) . Similarly, reducing the firing probability of a single neuron in a culture following expression of an inward-rectifier potassium channel affects the strength of the glutamatergic synapses impinging on this specific neuron [73] . Although the contribution of BDNF secretion was not investigated in this study, this work highlights the fact that the neuronal output, i.e. APs, can affect its own inputs.
Several studies have reported a contribution of released BDNF on the induction of activity-dependent synaptic plasticity, such as long-term potentiation (LTP) [74] [75] [76] [77] . In agreement with this observation, patterns of electrical stimulation (including high-frequency tetanic stimulation or theta burst stimulation) leading to LTP at glutamatergic synapses can induce a concomitant release of BDNF [33, 78, 79] .
b-APs and associated dendritic BDNF release is another signal for long-term change in synaptic efficacy. Thus, in the developing rat hippocampus, b-APs evoked by current step depolarization in one single neuron induced a BDNFdependent long-lasting potentiation of GABAergic synapses [80] . Dendritic back-propagating APs are also associated with a particular form of synaptic plasticity called spike timing-dependent plasticity (STDP). STDP occurs when synaptic transmission is repetitively associated with postsynaptic APs [81] . The requirement for BDNF signaling in STDP was first investigated in the optic tectum where it was shown that STDP was impaired by intracellular blockade of TrkB signaling [82] . More recently, a role of BDNF secretion in STDP was suggested by the work of Tanaka et al. [58] in dendritic spines of CA1 hippocampal neurons.
The suggested involvement of b-APs-induced dendritic BDNF release in STDP raises some questions. The induction of STDP requires the repetitive and concomitant occurrence of synaptic transmission and b-APs in a temporal window of less than tens of milliseconds. However, to date, all studies addressing the kinetics of BDNF secretion suggest that dendritic release of BDNF is a slow process beginning and lasting several seconds after the triggering event (i.e., b-APs) [27, 33, 39, 41, 43] . Thus, BDNF release seems to lack the temporal characteristic to act as a coincident detector in STDP. These observations give rise to, at least, two alternative hypotheses: (a) rapid dendritic BDNF secretion, qualitatively different from the slow secretion experimentally detected so far can be triggered by STDP protocols and (b) the repeated STDP pairing is sufficient to trigger a Ca 2+ -dependent BDNF release, but additional mechanisms rather than BDNF secretion account for the time dependence of STDP. Further investigations are therefore required to better elucidate the role played by BDNF secretion in STDP.
Extrapolations of data obtained in vitro to a more intact system are always limited. However, recent studies have shown that action potentials generated in the soma are capable of propagating backwards to the dendritic tree in vivo, resulting in a spatial distribution of intracellular Ca 2+ rise similar to that observed in vitro [83, 84] . Determining the contribution of b-APs in dendritic BDNF release in vivo therefore will be a challenging task for future investigations.
Conclusion
BDNF regulates the survival, growth, and differentiation of central and peripheral neurons. In addition to these "classical" effects, BDNF also modulates a variety of cellular function such as synapses formation and activity-dependent Fig. 4 BDNF secretion depends on the neuronal output rather than synaptic inputs. Suprathreshold excitatory postsynaptic potentials (EPSPs) trigger action potentials that backpropagate (b-APs) from the soma to the dendrites. Center, b-APs-induced BDNF secretion and synaptic strengthening. Left, this process can be reinforced by conditions that facilitate the back propagation of APs such as the action of neuromodulators. Right, when the same suprathreshold glutamatergic activity is generated in a context that prevents APs back-propagation, such as a concomitant activation of dendritic inhibition (GABA), BDNF secretion and synaptic strengthening will not occur. Modified from Comunicative & Intergrative Biology 1(2):153 synaptic plasticity. Moreover, recent results show a link between several human pathological conditions and the Val66met polymorphism of the BDNF gene (impairing the process of BDNF sorting and secretion) and suggest a possible therapeutic potential for neurotrophins in treating neurodegenerative diseases. BDNF is a secreted protein, targeted to the dendrites and axons, whose expression and release are modulated by neuronal activity. Since most of these effects have been attributed to the activity-dependent release of neurotrophins from the target neurons, understanding the mode, as well as the level and pattern of synaptic activity leading to postsynaptic release of neurotrophins, has been of intense interest over the past decade.
A Ca 2+ -and activity-dependent dendritic BDNF release has been demonstrated in neuronal cultures. So far, at least three distinct signals sub-serving BDNF release has been directly identified: (1) tetanic stimulation of presynaptic glutamatergic fibers, (2) action potentials that propagate backwards into the dendrites, and (3) prolonged depolarization of the postsynaptic neurons. Although all three modalities of secretion share common characteristics, the biological consequences of released BDNF might be quite different. For instance, BDNF released during tetanic stimulation could locally modulate the development and plasticity of stimulated synapses, while BDNF release triggered by back-propagating action potentials could influence the development and plasticity of stimulated and non-stimulated synapses. Since BDNF does not diffuse for a long distance and is likely to act on local receptors and because neuronal calcium rises are restricted and localized events, the spatial proximity of the calcium source and BDNF release with molecular targets will determine the specificity of BDNF action and might explain why BDNF can have so widespread actions.
